Subsurface Characterization, Monitoring, and Modeling of a Geothermal Exchange Borefield for the Campus Instructional Facility at the University of Illinois at Urbana-Champaign by Stumpf, Andrew J. et al.
Subsurface Characterization, Monitoring, 
and Modeling of a Geothermal Exchange 
Borefield for the Campus Instructional 
Facility at the University of Illinois at 
Urbana-Champaign
Andrew J. Stumpf,1 Yu-Feng Lin,1 and Timothy D. Stark2
1  Illinois State Geological Survey, Prairie Research Institute, University of Illinois at Urbana-Champaign, 
Champaign, IL
2  Department of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, Urbana, IL
Circular 606    2021
 
ILLINOIS STATE GEOLOGICAL SURVEY 
Prairie Research Institute 
University of Illinois at Urbana-Champaign
Champaign, Illinois 61820-6918
http://www.isgs.illinois.edu
Front cover: View northeast of the geothermal exchange borefield at the Bardeen Quad, University of Illinois at 
Urbana-Champaign. Photograph by Sheila Parinas.
© 2021 University of Illinois Board of Trustees. All rights reserved.
For permissions information, contact the Illinois State Geological Survey.
Subsurface Characterization, 
Monitoring, and Modeling of a 
Geothermal Exchange Borefield for 
the Campus Instructional Facility at 
the University of Illinois at Urbana-
Champaign
Andrew J. Stumpf,1 Yu-Feng Lin,1 and Timothy D. Stark2
1  Illinois State Geological Survey, Prairie Research Institute, University of Illinois at Urbana-Champaign, 
Champaign, IL
2  Department of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, Urbana, IL
Circular 606    2021
 
ILLINOIS STATE GEOLOGICAL SURVEY 
Prairie Research Institute 




Stumpf, A.J., Y-F Lin, and T.D. Stark, 2021, Subsurface Characterization, Monitoring, and Modeling of a 
Geothermal Exchange Borefield for the Campus Instructional Facility at the University of Illinois at 
Urbana-Champaign: Illinois State Geological Survey, Circular 606, 35 p. 
Contents
PREFACE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Andrew J. Stumpf
 Site Location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
 Installation of the Geothermal Exchange System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
CHAPTER 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Andrew J. Stumpf
 GEOLOGIC CHARACTERIZATION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
 Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
 Glacial Geology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
 Bedrock Geology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
 Geophysical Stratigraphy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
 Hydrogeology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
CHAPTER 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Andrew J. Stumpf
 THERMAL PROPERTY ANALYSES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
CHAPTER 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
Yu-Feng Forrest Lin, Honglei Liu, and Maryam Ghadiri
 DISTRIBUTED THERMAL RESPONSE TESTING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
 Methodology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
 Analytical Methods to Estimate Thermal Conductivities of the Subsurface . . . . . . . . . . . . . 17
  DTRT Heating Phase: Heat Injection Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
  DTRT Cooling Phase: Heat Sink Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
  Background Temperature Profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
  Heating and Cooling Phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
CHAPTER 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Timothy D. Stark, Han Wang, and Jiale Lin
 WELLBORE AND BOREFIELD MODELING. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
  Model Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
 Operation Cycle and Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
  Summer scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
  Winter scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
 Flow Rate Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
 Temperature Changes Under Long-Term Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
  Summer scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
  Winter scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Andrew J. Stumpf
 Results and Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Figures
 1  Location of the Campus Instructional Facility (CIF) and geothermal exchange  
borefield at the U of I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
 2   Engineering design drawing of the geothermal exchange borefield and  
underground utilities at the Bardeen Quad.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
 3  Bedrock topography of the Champaign-Urbana area compiled by Nelson (in press). . . . 6
 4   Logs of geology, geophysical parameters, and thermal properties in borehole  
CHAM-18-01. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
 5  Geologic cross section along a south-to-north transect at the U of I campus.. . . . . . . . . 8
 6   Thermal property analyzer: (a) apparatus set up and b) single-sided analysis  
of till sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
 7  Construction diagram of the CIF geothermal monitoring well. .. . . . . . . . . . . . . . . . . . . . 13
 8   (a) Deployment of fiber-optic cable in the CHAM-18-01 borehole; (b) Termination  
of the fiber-optic cable (referred to as “fanout”). The cable is affixed to the  
HDPE pipe along the bottom of the U-bend geothermal loop. . . . . . . . . . . . . . . . . . . . . . 13
 9   DTS measurements of subsurface temperature in the geothermal monitoring  
well. The geologic log from Figure 4 is shown at the same scale. .. . . . . . . . . . . . . . . . . . . 14
 10   a) A portable TRT device that includes couplings with a BHE, air eliminator,  
water input funnel, four water heating elements, multispeed pump, water  
flowmeter, mechanical water flowmeter, and power strip with circuit interrupter;  
(b) Display panel of the portable TRT device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
 11   Configuration of the DTRT experiment. The TRT is connected to the U-bend 
geothermal loop that is outfitted with a fiber-optic cable to perform DTS 
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
 12   Warm- and ice-water baths were set up in the blue and white coolers  
(shown on the left and right of the batteries), respectively, to serve as the  
temperature calibration.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
 13   (a) Fiber-optic cable exits the ground into a 61×91×61 cm (24×36×24 inches) 
underground enclosure. The box is also used to store coils of cable used in the 
temperature calibration. (b) Diagram of the cable route from the DTS interrogator, 
through the calibration baths, into the ground, down to the termination point. .. . . . . 16
 14  Comparison of the ILS method applied to the (a) TRT and (b) DTRT models. . . . . . . . 17
 15   Water temperatures at the inlet and outlet of the TRT device recorded during  
the DTRT heating phase on a (a) linear time scale and (b) logarithmic time scale. . . . 19
 16   Temperature profiles of the ice-water bath (orange line), air temperature 
(blue line), and warm-water bath (gray line) during the heating phase (first 70  
hours) and cooling phase (last 85 hours). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
 17   Fiber-optic temperature profile for the DTRT during the heating phase (first 72  
hours) and cooling phase (last 85 hours). Only the supply side from 0 to 117.5 m  
(0 to 385.4 feet) is shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
 18   Estimations of thermal conductivities are models derived from the DTRT heating  
and cooling phases and heat injection and thermal energy storage models. The  
model results are compared with thermal conductivities measured in the laboratory. . . 21
 19  Measured & simulated ground temperature profiles after three seasons of operation. . . 23
 20   Diagram of the geothermal exchange borefield at the Bardeen Quad with 
simulation locations (positions A to H). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
 21   Simulated temperature profiles at positions A to C and E to H at the end of  
summer are compared with the DTS measurements collected in 2019. . . . . . . . . . . . . . 25
 22   Simulated ground heating during the summer. Estimated temperatures of  
fluid flowing in and out of the geothermal exchange borefield are shown. . . . . . . . . . . 25
 23   Comparison between the DTS measurements and simulated temperature  
profiles at positions D, D1, and D2. Positions D and D1 are located between  
the north and south parts of the borefield. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
 24   Comparison of simulated temperature profiles from the COMSOL single pipe  
module, borefield model, and DTS system from the February 2019 measurement. . . 26
 25   Simulated fluid temperatures at the borefield outlet during the winter. The  
ground temperature shown is from position A at a depth of ~10 m (~33 feet). . . . . . . . 27
Figures (cont'd)
 26  Outflow temperature with different flow rates during the winter. . . . . . . . . . . . . . . . . . . . 28
 27   Modeled summer ground temperature at point A during the three years of  
operating the geothermal exchange system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
 28   Modeled winter ground temperature at point A during three years of operating the 
geothermal exchange system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
 29   Modeled ground temperature changes during three years of operating the  
geothermal exchange system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
 30   Predicted annual energy usage and avoidance for the CIF (provided courtesy of  
U of I Facilities & Services).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Tables
 1  Thermophysical Properties of the Core Samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
 2  Ambient Air and Fluid Temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
 3  Outlet Fluid Temperatures under Different Flow Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Illinois State Geological Survey Circular 606 1
PREFACE
This report documents the geological, 
geophysical, and engineering studies 
performed to support the design 
and operation of a geothermal 
exchange system for the new Campus 
Instructional Facility (CIF) at the 
University of Illinois at Urbana-
Champaign (U of I). Geologists and 
hydrogeologists from the Illinois State 
Geological Survey, along with faculty 
and students in the U of I Department of 
Civil and Environmental Engineering, 
worked to characterize the subsurface 
thermophysical processes at the 
CIF. Modeling of the thermophysical 
processes assisted the building design 
team in optimizing the geothermal 
exchange system. To characterize the 
subsurface conditions, a geothermal 
monitoring well was installed at the 
CIF that provides: 1) a mechanism to 
collect long-term ground temperature 
measurements to assist U of I Facilities 
& Services in operating the geothermal 
exchange borefield efficiently and 2) the 
pre-construction ground temperatures 
constrain the multiphysics model 
developed to simulate future operation 
of the geothermal exchange system.
To understand how heat transport 
impacts the integrity of geologic 
materials in the subsurface, faculty 
and students from the Department of 
Civil and Environmental Engineering 
performed accompanying studies. Their 
results were included in conference 
proceedings published by the 
American Society of Civil Engineers. 
At the Geo-Congress 2020, Baser 
et al. (2020) presented results from 
dynamic experiments investigating 
the effects of temperature on the 
coupled thermo-hydraulic properties 
of glacial tills sampled from the 
geothermal monitoring well. A core 
flooding apparatus was used to perform 
experiments on saturated samples to 
characterize hydraulic properties of 
the tills at different temperatures and 
under representative in-situ stresses. 
The experimental results revealed that 
intrinsic permeability and hydraulic 
conductivity significantly increased 
when ground temperatures rose. 
Therefore, an accurate characterization 
of coupled thermo-hydraulic properties 
allowed the development of a framework 
to evaluate how the properties of tills 
impacted the thermal regime.
In a second study, Renjifo Ciocca 
and Makhnenko (2021) analyzed 
multi-phase pore fluids (air-water 
mixtures) to assess how the properties 
of fine-grained tills used for a shallow 
geothermal exchange system change 
with the degree of saturation. 
Measurements of the Skempton’s B 
coefficient value showed that when 
the pore fluid compressibility was 
decreased, the value increased and 
eventually became constant (≈1) once 
fully saturated. Furthermore, when a 
partially saturated till is compressed, 
the permeability decreases. These 
findings were presented at the 2021 
International Foundations Conference 
and Equipment Expo, emphasizing 
the importance of assessing saturation 
conditions when reporting material 
properties.
Andrew J. Stumpf 
October 1, 2021
EXECUTIVE SUMMARY
This report presents the outcome 
of research in geothermal 
energy, specifically geothermal 
exchange, conducted by geologists, 
hydrogeologists, and engineers at the 
Illinois State Geological Survey and 
Illinois Water Resources Center  in 
partnership with engineering faculty 
and students in the Department of 
Civil and Environmental Engineering 
at the University of Illinois at Urbana-
Champaign (U of I), who are members 
of the newly-formed Illinois Geothermal 
Coalition (https://geothermal.illinois.
edu). This effort brought together 
a multi-disciplinary and multi-
organizational team of scientists and 
engineers who are focused on advancing 
the application of geothermal energy 
technologies for district heating and 
cooling systems that allow energy end 
users to meet net carbon neutrality, 
renewable energy, and grid resilience 
goals. The research specifically 
supported the design and operation of a 
shallow geothermal exchange system for 
the U of I and its private partners at the 
Campus Instructional Facility (CIF) that 
just recently came online in April 2021.
As academic campuses aggressively 
pursue renewable and sustainable 
energy sources to reduce their carbon 
footprints and enhance operational 
resiliency, geothermal energy has 
increasingly garnered more interest 
and is considered an uninterruptible 
source of heating and cooling, offering 
greater dependability in supplying a 
constant energy load with the least 
impact on the energy grid. Geothermal 
energy is very attractive because of 
its long-term environmental and 
economic benefits, especially since 
heating, cooling, and dehumidification 
systems in buildings are the largest 
emitters of greenhouse gases (GHG) 
and are estimated to consume more 
than 40% of the nation’s electricity. 
At the U of I, the administration and 
students are pursuing an aggressive 
strategy to obtain a sustainable campus 
environment and become carbon 
neutral by eliminating or offsetting 
GHG emissions as soon as possible, and 
no later than 2050. At the CIF, the goal 
is to exceed the per-building metrics 
proposed in the 2020 Illinois Climate 
Action Plan (iCAP) by connecting the 
geothermal exchange system with 
radiant heating and cooling as part of an 
energy-efficient design that is expected 
to save ~2,839 million Btu (MMBtu) 
of energy per year and reduce GHG 
emissions by >70% compared to similar-
sized buildings. Nearly 65% of that 
energy load (~135 tons of heating and 
cooling capacity) will be supplied by the 
geothermal exchange system.
Unlike in western regions of the U.S. 
where hot fluids and steam in volcanic 
rocks are used to generate electricity or 
for direct heating, in the Midwest region 
geothermal energy systems typically use 
thermal exchange technologies that take 
advantage of the thermal energy stored 
in the Earth’s subsurface (typically 
within the upper 100–150 m [~330–500 
ft]). Using geothermal heat pumps, 
refrigerant fluid or water is circulated 
through boreholes allowing heat to be 
absorbed or released to the ground (e.g., 
Lund 2002). The geothermal exchange 
system takes advantage of the constant 
ground temperature throughout the 
year below depths of ~10 m (~33 feet). 
The ground temperature below this 
depth is not impacted by seasonal 
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changes in atmospheric conditions, 
and thus ground-based heating and 
cooling systems run more efficiently. 
Furthermore, geographic areas such 
as the U.S. Midwest region have a 
consistently variable climate (e.g., 
cold winters and hot summers), which 
can maximize the benefits offered by 
utilizing the natural thermal energy 
from the ground.
To quantify the life cycle costs 
and benefits of the geothermal 
exchange systems at the CIF, detailed 
characterization, monitoring, and 
modeling of the subsurface was 
completed. A geologic framework of 
the site was developed by drilling a 
borehole, constructing a geothermal 
monitoring well, and conducting 
downhole testing. The subsurface 
geology was described from a 
continuous core collected from the 
borehole, and selected samples 
underwent laboratory experiments to 
determine their thermal properties. 
The data were used to determine the 
coupled relationships between the 
thermo-hydro-mechanical properties. 
To measure the representative 
subsurface temperatures and heat 
flow, parameters were used as 
boundary conditions to determine the 
intrinsic permeability and hydraulic 
conductivity, a distributed temperature 
sensing (DTS) system was deployed, and 
a distributed thermal response (DTRT) 
was performed to identify the thermal 
transport processes. This information 
was particularly useful for the design 
of the geothermal exchange system. 
Using these input parameters, static 
and dynamic wellbore and borefield 
modeling provided estimations 
of differential subsurface thermal 
transport during the heating and 
cooling seasons over several years of 
operating the geothermal exchange 
system. Modeling heat extraction and 
heat rejection informed the initial 
system design in which the number of 
wells in the geothermal borefield was 
ultimately reduced by one-third, leading 
to financial savings that shortened the 




Illinois State Geological Survey, Prairie 
Research Institute, University of Illinois 
at Urbana-Champaign
The U of I administration and students 
continue to pursue an aggressive 
strategy to obtain a sustainable 
campus environment by meeting a 
set of targets and objectives in the 
Illinois Climate Action Plan (iCAP). 
The overarching commitment is a 
direct outcome of signing the 2008 
Second Nature Climate Leadership 
Commitments that committed the U of 
I to becoming carbon neutral as soon 
as possible, and no later than 2050, by 
eliminating or offsetting greenhouse 
gas (GHG) emissions. Since the first 
iCAP was written in 2010 (University 
of Illinois 2010) and then rewritten in 
2015 (University of Illinois 2015) and in 
2020 (University of Illinois 2020), there 
is a growing consensus that reliance 
on electricity generation by solar and 
wind energy systems alone cannot meet 
the long-term “zero carbon target.” 
Therefore, the University has a growing 
interest in procuring energy from other 
renewable and sustainable sources, 
including geothermal energy.
Specifically, for geothermal energy 
at the U of I, the timeline to develop 
applications is continually being 
reevaluated as new technical studies 
and technology assessments further 
quantify the significant environmental 
and economic benefits provided. In 
the 2015 iCAP report, one objective 
was to integrate geothermal energy 
into the campus district system by 
2035 (See Fig. 3 in chapter 2, University 
of 2015). Currently, targeted research 
on geothermal energy being led by 
the Illinois State Geological Survey 
(ISGS), Illinois Water Resources Center 
(IWRC), and Department of Civil and 
Environmental Engineering (CEE) (e.g., 
Lin et al. 2020; McDaniel et al. 2018) has 
demonstrated the possible benefits of 
integrating geothermal energy within 
the existing campus energy systems. 
These successes have encouraged the 
administration to shorten the timeline 
of implementation. Furthermore, over 
the past decade, there has been a rapid 
expansion of geothermal exchange 
systems at universities (e.g., Ball State 
Univertsity; Lowe et al. 2010). Collegial 
competition between peer institutions, 
“the first to reach a net zero carbon 
campus”, has forced administrators 
to fast-track sustainability these 
programs and seek additional sources of 
renewable energy, such as geothermal 
energy. This effort is meant to electrify 
campuses and move away from energy 
systems dependent on fossil fuels.
Beyond the long-term environmental 
benefits, universities are finding 
geothermal exchange systems very 
attractive because of the significant 
utility cost savings over the lifespan of 
operation (Cross et al. 2011), especially 
since heating, cooling, refrigeration, 
and dehumidification account for 
>60% of the energy used in commercial 
buildings (U.S. EIA 2012). In a report 
for the U.S. Department of Energy, 
Liu et al. (2019) found that annually, 
geothermal heat pumps reduce energy 
consumption by 27–66%, lower GHG 
emissions by 21–66%, and save property 
owners 18–65% of the energy costs 
for conditioning building spaces. 
The U.S. Environmental Protection 
Agency estimates that ground-source 
heat pumps are two to six times more 
efficient than air source heat pumps, 
conventional electrical and gas 
furnaces, and air conditioning systems. 
The overall efficiencies can significantly 
be improved if the design and operation 
of the geothermal exchange system are 
optimized (e.g., Spitler et al. 2020).
For the project, the U of I Facilities & 
Services (F&S) sought the expertise 
of geologists, hydrogeologists, and 
engineers from the ISGS, IWRC, and 
CEE to acquire and analyze information 
about the subsurface environment at the 
Bardeen Quad to assist the optimization 
of a geothermal exchange system 
being installed for the U of I’s new 
Campus Instructional Facility (CIF). The 
following chapters present a chronology 
detailing the field and laboratory 
Illinois State Geological Survey Circular 606 3
Figure 1 Location of the Campus Instructional Facility (CIF) and geothermal exchange borefield at the U of I. The geothermal 
monitoring well was constructed in borehole CHAM-18-01, which is located in Champaign County in the northeast quarter 
of Section 18, T19N, R9E at latitude N40.112094° and longitude W88.227469°, and its county number (a unique identifier 
applied to all boreholes in Illinois) is 120192791900.
experiments and modeling efforts. The 
data collected provided insights on the 
thermo-hydro-mechanical properties 
of the subsurface geologic materials, 
which informed the overall construction 
of the geothermal exchange borefield 
and operational design of the building’s 
mechanical system. Forward modeling 
of the thermo-hydro-mechanical 
properties was the basis of dynamic 
simulations for fluid flow and thermal 
transport in the borefield during several 
years of operating the geothermal 
exchange system. The results provided 
guidance on the design process in 
configuring the geothermal heat pumps 
to improve their operating efficiency.
Site Location
The CIF is located on the U of I campus 
in Urbana, Illinois, which is located 
~220 km (135 miles) south of the City of 
Chicago, 290 km (180 miles) northeast 
of the City of St. Louis, and ~195 km (120 
miles) west of the City of Indianapolis. 
The geothermal exchange borefield 
was constructed in the northern part 
of campus just south of the Grainger 
Engineering Library in the northwest 
corner of the Bardeen Quad that is 
located southeast of the intersection 
of West Springfield Avenue and South 
Wright Street (Figure 1).
A geothermal monitoring well was 
constructed in borehole CHAM-18-01 
(120192791900) in the northwestern 
part of the geothermal exchange bore-
field. A U-bend geothermal loop of high-
density polyethylene (HDPE) pipe was 
inset, with a fiber-optic cable secured 
along the axis of the pipe. The tempera-
ture is being periodically measured in 
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Installation of Geothermal 
Exchange System
The CIF is a new center for flexible 
learning at the U of I that includes 
configurable instructional space that 
can meet the future needs of students 
and faculty. Covering 124,000 square 
feet, the building’s structural and 
architectural elements are integrated 
to produce a sustainable design that 
decreases overall GHG emissions. 
The sustainable design includes a 
daylighting illumination system, 
radiant heating/cooling panels, and 
advanced air ventilation that not only 
contributes to the building’s LEED® 
certification by the U.S. Green Building 
Council, but also fosters a healthy 
learning environment for the expected 
31,000 students that will be served 
daily. Although not part of the original 
design, the geothermal exchange system 
was introduced to further improve the 
building’s sustainability, raising its 
LEED status for achieving Platinum 
certification.
The construction of the CIF was paid for 
by the first public-private partnership 
reviewer at the U of I and will be the first 
building to use a geothermal exchange 
system of this size and scale. Forty 
boreholes were drilled in a grid pattern 
in two areas of the Bardeen Quad 
(Figure 2). The wells are spaced 6.1 m 
(20.0 feet) apart and drilled to a depth 
of 137.2 m (450.0 feet). The geothermal 
exchange system is expected to supply 
~135 tons of heating and cooling 
capacity, ~65% of the building’s energy 
load. The system is designed to operate 
for more than 30 years, and possibly 
more than 50 years (cf., ASHRAE 2011), 
and is expected to reduce the building’s 
GHG emissions by >70% compared to 
emissions from a similar-sized building 
at the U of I with conventional heating 
and cooling systems.
The $75 million project was funded 
with an initial $7.5 million investment 
from the U of I, with the remaining 
balance coming from the public-private 
partnership through tax-exempt 
financing and the sale of bonds. 
The U of I worked with developer 
Vermilion Development, architects 
Skidmore, Owings & Merrill LLP, real 
estate developer Campbell Coyle, 
and construction contractor Pepper 
Construction. The geothermal exchange 
system was designed by dbHMS, and 
the geothermal exchange borefield was 
constructed by TCI Companies, Inc. The 
CIF is a lease-to-own building, and U of 
I will take ownership in no later than 30 
years. An additional $375,000 of funding 
for the geothermal exchange system was 
provided through a grant from the U 
of I Student Sustainability Committee. 
An additional $65,000 was provided by 
the Institute for Sustainability, Energy, 
and Environment and F&S (from the 
Carbon Credit Sales Fund) to the ISGS 
for drilling and coring the borehole and 
installing the geothermal monitoring 
well.
Research Objectives
The objective of this research project 
was to provide to the public-private 
partnership detailed information 
about the subsurface geological and 
thermophysical conditions that would 
assist the architects and engineers 
in designing a building that would 
meet campus sustainability goals 
and create a healthy and productive 
workspace, while at the same time, use 
an optimized geothermal exchange 
system that would bring considerable 
cost savings for heating and cooling  
instructional spaces. The following 
tasks were completed to achieve the 
objectives:
1)  The project team conducted a detailed 
investigation of the subsurface 
geology through deep drilling 
and continuous core recovery and 
description and performed downhole 
testing using geophysical probes and 
sensors.
2)  Thermophysical properties 
of selectedcore samples were 
determined in the laboratory.
3)  Ground temperatures were 
periodically measured in the 
geothermal monitoring well using 
a distributed temperature sensing 
system (DTS) before the geothermal 
exchange system began operation. 
Baseline temperature data were 
required to evaluate alternative 
designs for the geothermal exchange 
system and to calibrate borefield 
models. A distributed thermal 
response (DTRT) was performed 
to better understand the thermal 
transport regime in the well.
4)  Modeling scenarios of the geothermal 
exchange system were run using 
COMSOL multiphysics software to 
estimate outflow temperatures from 
the geothermal borefield during 
the four meteorological seasons 
over several years of operation. 
The predicted variations in fluid 
temperature guided the system 
operation and indicated the ability of 
the borefield to store or reject thermal 
energy.

































Figure 2 Engineering design drawing of the geothermal exchange borefield and underground utilities at the Bardeen Quad. 
The yellow lines are storm sewer pipes, green lines are drainage pipes, dark blue lines are irrigation pipes, lime green dots 
are manholes to telecommunication lines, small light blue dots are manholes to the sanitary sewers, and the green dots are 
connectors along the domestic water lines.
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Background
The U of I campus is in east-central 
Illinois on a glaciated landscape, the 
product of the Wisconsin Episode 
glaciation (Stumpf and Dey 2012), which 
ended ~16,000 years ago in Illinois and 
~23,000 years ago in Urbana (Curry et al. 
2018). Postglacial windblown silt (loess) 
mantles the glacial till. Regionally, 
the principal landforms are arcuate, 
Figure 3 Bedrock topography of the Champaign-Urbana area compiled by Nelson (in press). Shown are 
the control points used to draw the contour lines. The points are labeled with the elevation (in feet) of the 
bedrock surface. The location of borehole CHAM-18-01 in which the CIF geothermal monitoring well was 
constructed is shown. The main part of the U of I campus is outlined in yellow.
CHAPTER 1
gently to moderately rolling moraines 
separated by flat morainal and lake 
plains. These depositional features are 
superimposed upon deposits of the older 
Illinois Episode and pre-Illinois Episode 
glaciations (Stumpf and Dey 2012; 
Curry et al. 2011). The configuration of 
glacial and postglacial deposits has no 
relationship to the underlying bedrock 
topography or bedrock structures. The 
U of I is located over a tributary of the 
Mahomet Bedrock Valley (Figure 3), one 
that was deeply incised into bedrock of 
the Pennsylvanian Period (Kempton et 
al. 1991).
The subsurface geology at the CIF is 
primarily interpreted from a 117.5-m 
(385.4-foot) deep borehole drilled to 
construct the geothermal monitoring 
well (Figure 4). The drilling operation 
took place over 10 days in late November 
and early December in 2018. The 
borehole is 0.14 m (5.50 inches) wide and 
during drilling was open below a depth 
of 2.6 m (8.5 feet). The upper part of the 
borehole was cased to prevent caving of 
surface material. A continuous core of 
the geologic materials was collected in 
the upper 108.2 m (355.0 feet). A core was 
not collected in the lower 9.1 m (30 feet) 
of the borehole. Downhole geophysical 
logging was run along the entire length 
of the borehole, and the data were used 
to interpret the geologic materials in 
the depth intervals where core was 
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Glacial Geology
From detailed analysis of the continuous 
core collected from borehole CHAM-
18-01, it was determined that ~90 m 
(~300 feet) of sorted and unsorted 
glacial and preglacial deposits lie on 
Pennsylvanian-age bedrock (Figure 
4). Loamy glacial diamictons (tills) are 
interstratified with sand and gravel 
(glacial outwash) and silt and clay 
(glacial lake sediment). Deposits of 
poorly sorted sand, clayey sediment, 
and weakly lithified conglomerate 
(composed of weathered material from 
the local bedrock) lie between the 
glacial deposits and the bedrock.
Across the U of I campus, tills deposited 
during the most recent Wisconsin 
Episode glaciation (Stumpf and Dey 
2012), and from top to bottom, are the 
Batestown Member (Lemont Formation), 
Piatt Member (Tiskilwa Formation), 
and the undivided unit of the Tiskilwa 
Formation (Figure 5). The tills are in 
places overlain by glacial outwash 
(Henry Formation) or glacial lake 
sediment (Equality Formation). These 
glacial deposits are blanketed by up to 
1 m (3.3 feet) of postglacial windblown 
silt and fine sand (loess) classified to the 
Peoria Silt. The tills were deposited by 
glaciers flowing southwest across east-
central Illinois (Stumpf and Dey 2012). 
In lowlands (valleys and depressions) 
formed on an older landscape during 
the Sangamon and Illinois Episodes, the 
undivided Tiskilwa Formation overlies 
alluvium or organic sediment classified 
to the Robein Member (Roxana Silt) 
(Figure 5). Where water flowed across 
the Illinois Episode landscape from 
melting glaciers, sand and gravel 
(glacial outwash) of the Pearl Formation 
was deposited. It appears that meltwater 
flowing along an ancestral Boneyard 
Creek eroded into the underlying glacial 
sediments. Deposits of both the late-
glacial and glacial advance/maximum 
phases of the Illinois Episode glaciation, 
upper and lower units of the Vandalia 
Member (Glasford Formation), are 
widespread in the subsurface (Stumpf 
and Dey 2012).
The Illinois Episode sediments overlie 
the oldest glacial and nonglacial 
deposits in the region, which mantle 
a highly dissected preglacial bedrock 
surface (Stumpf and Dey 2012). The 
pre-Illinois Episode clayey till and 
sand gravel and silt and clay infill a 
tributary of the Mahomet Bedrock 
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Valley (Figure 3). The oldest alluvial 
and colluvial deposits classified to the 
Canteen member (Banner Formation) 
accumulated on the valley bottoms 
prior to the first glacial advance. 
The subsequent pre-Illinois Episode 
glacial advances are demarcated by 
sequences of till and silt and clay. For 
example, during deposition of till 
of the Harmattan Member (Banner 
Formation), glaciers entered the 
Mahomet Bedrock Valley and blocked 
drainage along the tributaries, forming 
lakes in which silt, sand, and clay 
classified to the Belgium Member 
(Banner Formation) were deposited 
(Stumpf and Dey 2012). Proglacial lakes 
also formed in front of glaciers that 
deposited till of the Hillery Member 
(Banner Formation), delineated by 
thick silt, clay, and sand classified to 
the Pesotum Silt Member (Banner 
Formation). Following the retreat 
of the glaciers, climatic conditions 
warmed to support soil development 
(Yarmouth Geosol) in the upper part of 
the Hillery Member till. The pedological 
processes are represented by moderate 
oxidation of the B-horizon soil, and 
these weathering zones are prominent 
markers in the regional stratigraphy.
Bedrock Geology
Rocks of the Pennsylvanian Period are 
at the bedrock surface buried well below 
the U of I campus (Figures 4 and 5). 
Having an aggregate thickness of greater 
than 1,000 feet in central and southern 
Illinois, these sedimentary rocks are the 
upper strata of depositional sequences 
in the Illinois Basin, a midcontinent 
Paleozoic-age depositional and 
structural basin (Buschbach and Kolata 
1990). The Pennsylvanian strata are 
divided into six formations (Kolata 2005; 
Nelson in press), each containing a 
similar mixture of rock types, mudstone, 
shale, siltstone, and sandstone. 
Separating these lithologies are 
numerous thin and continuous layers of 
coal and of marine limestone and fissile 
black shale. Many of these units (e.g., 
Herrin Coal) are stratigraphic markers 
that are traced across the Illinois Basin.
At the CIF, the upper bedrock is 
composed of massive microgranular 
limestone and mudstone showing soft 
sediment brecciation (Nelson, personal 
communication). There is evidence of 
erosion on the bedrock surface; the 
stratigraphically overlying Herrin Coal 
is absent but was encountered several 
hundred feet to the south in borehole 
API# 120190000300. The mudstone is 
underlain by 3.3 m (10 feet) of gray, 
mottled siltstone (Figure 4) that probably 
represents a paleosol (Nelson, personal 
communication). Much of the remainder 
of the borehole was drilled through 
gray shale and siltstone. A notable hard 
and fissile black shale was encountered 
at a depth of 97.8 m (320.9 feet), which 
registered extremely high natural 
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Figure 5 Geologic cross section along a south-to-north transect at the U of I campus. The geologic 
framework used to construct the cross section was developed by Stumpf and Dey (2012).
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Geophysical Stratigraphy
Using a digital downhole logging 
system manufactured by Mount Sopris 
Instruments the changes in geophysical 
parameters were measured in the 
borehole CHAM-18-01, including 
natural gamma radiation, magnetic 
susceptibility, and a caliper log (shown 
in Figure 4), and also normal resistivity, 
spontaneous potential (SP), and single 
point resistance (SPR). Logging data 
were collected in an open, clean 
borehole at a slow speed, averaging 1.5 
m/min (5 feet/min), which allowed thin 
beds and subtle changes in lithology 
(e.g., grain size and mineralogy) to be 
distinguished that are characteristic 
of glacial deposits and sedimentary 
bedrock (Bleuer 2004).
In the U.S. Midwest region, the natural 
gamma logs are often used as a 
measure of shaliness or relative clay 
content, reflecting radiation emitted 
by potassium-40 contained in the 
clay mineral illite, which is a major 
constituent of the sedimentary bedrock 
and till in this region. Gamma radiation 
is emitted during the radioactive decay 
of uranium and thorium and elements 
of their decay series. On the log, clays 
log high (that is, exhibit relatively higher 
counts), well-sorted sand and gravel log 
lower, and quartz- or carbonate-rich 
materials log the lowest.
A downhole probe manufactured by 
Bartington Instruments Limited was 
used to continuously acquire magnetic 
susceptibility measurements of the 
sediment and bedrock. The probe is 
sensitive to the presence of magnetic 
minerals (e.g., magnetite, pyrrhotite, 
ilmenite) and is extremely useful for 
delineating changes in lithology, which 
are commonly the result of a different 
sediment source (provenance) (Crow 
et al. 2017). The presence of magnetic 
minerals is also positively correlated 
with thermal conductivity (e.g., 
Takemura et al. 2017).
A caliper log was run to record the 
borehole diameter. Changes in the 
borehole opening are related to the 
competency of the surrounding 
materials, which can wash out or cave 
into the hole. From the caliper log an 
inference can be made about material 
hardness or compaction (i.e., softer, 
and saturated materials are more 
susceptible to failure). This information 
is very helpful in the interpretation 
of other downhole geophysical logs 
because most other logs are affected by 
changes in the diameter of the borehole 
(Rider and Kennedy 2011). McDaniel et 
al. (2018) found a positive correlation 
between material hardness and thermal 
conductivity.
The SP method measures the direct 
current (DC) voltage differences 
between the naturally occurring 
potential created by moving an 
electrode in fluids filling an uncased 
borehole and the potential of a fixed 
electrode at the land surface (Doll 
1948). The SP method has been used 
in conjunction with the SPR method 
to assist in determining the lithology, 
thickness, and permeability of beds 
and salinity of pore water. Since the 
measurement of this change in potential 
can be caused by several different 
factors, the interpretation of an SP log 
is very subjective and has no absolute 
scale; only relative changes in the SP log 
are important (Digby 1997). On SP logs, 
sand produces negative deflections, 
while the presence of clay causes 
positive deflections (Dyck et al. 1972).
The SPR method is most widely used 
in fluid-filled boreholes for non-
petroleum applications to acquire, 
process, and interpret geophysical 
data quickly and inexpensively. The 
method quantitatively identifies 
changes in 1) lithology and contacts 
between adjacent mapping units (Keys 
1997) and 2) clay content, porosity, and 
water quality (Johnson et al. 2005). The 
presence of sand, gravel, and boulders 
in boreholes is marked by higher 
resistivity deflections on SPR logs (Dyck 
et al. 1972). Generally, an increase in 
resistance corresponds with materials 
having a coarser texture, lower moisture 
content, strong granular structure, and/
or buried soil horizons (Mason 2001). On 
an SPR log the response varies inversely 
with natural gamma radiation counts. 
Increased gamma radiation counts 
typically reflect a decrease in resistance 
and vice versa (Guyod 1944).
Hydrogeology
Since the early 1900s, the U of I sought 
to develop available groundwater 
resources in the glacial deposits. 
Considerable work was undertaken 
across campus from 1900–1940 to 
develop a suitable water source for 
various buildings and facilities. Initially, 
the water wells were fairly productive 
(typically pumping >65 gallons/minute), 
but over time decreased in capacity by 
one-half to one-third. By 1951, further 
exploratory drilling ended, and a 
water supply was purchased from the 
Northern Illinois Water Corporation. 
This company later merged with Illinois 
American Water (Burch et al. 1999), the 
company currently supplying potable 
water to the campus. Only a few small-
capacity or stratigraphic test wells have 
been drilled on campus since that time.
The U of I is located above a tributary 
of the Mahomet Bedrock Valley (Figure 
3), which is filled primarily with silty 
to clayey glacial sediment. Unlike 
the Mahomet Bedrock Valley, this 
tributary is not filled with thick basal 
deposits of sand and gravel correlated 
to the Mahomet Sand Member (the 
stratigraphic unit containing the 
regionally important Mahomet 
aquifer). Instead, the production wells 
constructed historically were screened 
in water-bearing deposits of sand 
and gravel in the Vandalia Member 
(correlated to the Upper Glasford 
aquifer) and the Harmattan Member 
(Banner Formation); the extent of the 
units in the subsurface is shown in 
Figure 5.
Limited groundwater elevation 
measurements on campus preclude 
determining the precise direction of 
groundwater flow in the Upper Glasford 
aquifer. Other data from this aquifer 
unit in Champaign County near the 
U of I suggest groundwater is flowing 
toward the northwest or west-northwest 
(Burch et al. 1999). In the presence 
of saturated materials with transient 
groundwater flow, the efficiency of 
geothermal exchange systems to store 
thermal energy or dissipate waste heat 
is significantly improved (Busby et al. 
2009; Ferguson 2015).
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The thermal properties of 35 core 
samples from the borehole CHAM-18-01 
were measured with a Hot Disk TPS 1500 
thermal constants analyser (Figure 6a) 
using Kapton® plastic-coated sensors 
with radii of 6.403 mm, 9.868 mm, and 
14.61 mm (Hot Disk AB, 2018). The Hot 
Disk equipment relies on the transient 
plane source method (Gustafsson 1991; 
Gustavsson and Gustafsson 2005), 
according to the Dansk Standard (2015) 
DS/EN ISO 22007-2. The transient plane 
source method yields estimates of the 
thermal conductivity (λ) in watts per 
meter-Kelvin (W/mK) and volumetric 
heat capacity (ρcp) in megajoule per 
cubic meter-Kelvin (MJ/m3K) (Table 1), 
which are used to calculate thermal 
diffusivity (α). Thermal diffusivity with 
unit square millimeters per second 
(mm2/s) is defined as the ratio between 
the thermal conductivity and volumetric 
heat capacity.
The Hot Disk sensor is an electrically 
conducting metallic double spiral 
(nickel) covered by two thin layers 
of insulating material. During the 
measurement, the sensor was placed 
between the core sample and piece 
of insulative material with a known 
thermal conductivity (Figure 6b). In 
this experiment, expanded polystyrene 
(EPS) foam was used with a λ=0.029 W/
mK and α=0.7 mm2/s. A 1-kg weight 
(steel plate and canister) was placed 
atop the sample to ensure a good 
contact between the sensor and cut 
surface of the sample (Figure 6b). All 
measurements were carried out at 
atmospheric pressure (~1 bar) and 
room temperature (19.7–25.0°C) on 
samples taken in the field and stored in 
a refrigerator in sealed plastic bags to 
retain the in-situ moisture content.
For each measurement, an electrical 
current was passed through the 
sensor for a specified time to raise the 
sample temperature, and the sensor 
recorded the temperature increase 
of the sample as a function of time. 
Computations run on these data using 
the Hot Disk software derived the 
thermal conductivity and volumetric 
heat capacity (Hot Disk AB 2018). The 
thermal diffusivity was calculated 
from these measurements. The 
temperature of the sample before each 
measurement was recorded using a 
digital thermometer. The temperature 
data were entered in the Hot Disk 
software and used in the calculations. 
The measurement parameters (output 
power and measurement duration) 
depended on the thermal properties 
of the sample. In this experiment, the 
output power ranged between 40 and 
440 mW, and measurements were made 
over periods of 20–40 s. Three to five 
repeated measurements were made on 
each sample, and the average is reported 
in Table 1. Each measurement was taken 
at least 20 minutes apart to allow the 
sample to cool down to the ambient 
temperature. Five measurements were 
made during the experiment on a 
stainless-steel standard to ensure sensor 
calibration.
Understanding the spatiotemporal 
variability in the subsurface of 
thermal properties is important for 
designing shallow geothermal energy 
systems (Banks 2012). Heat transfer 
determinations are difficult to measure 
in the field, especially in unconsolidated 
sediment, where estimates have 
a high degree of uncertainty (e.g., 
Olfman et al. 2014; Naylor et al. 2015). 
Several thermophysical properties are 
attributed to this variability, with bulk 
density and moisture content having 
the greatest impact (Farouki 1981; 
Bertermann et al. 2018). To support the 
modeling of coupled thermo-hydro-
mechanical data completed by Baser 
et al. (2020) and Renjifo Ciocca and 
Makhnenko (2021), bulk density and 
moisture content measurements were 
made on the core samples following 
ASTM Standard D763-09(2018)e2 
(ASTM 2018) and ASTM Standard 
D2216-19 (ASTM 2019), respectively. The 




Figure 6 Thermal property analyzer: (a) apparatus set up and b) single-sided analysis of till sample.















CHAM-18-01_2.2ft 0.7 1.49 15.6 1.454 1.000 1.467
CHAM-18-01_11.0ft 3.4 1.96 17.0 2.167 0.870 2.490
CHAM-18-01_27.5ft 8.4 1.74 9.3 1.189 0.951 1.251
CHAM-18-01_39.5ft 12.0 2.02 9.6 2.518 1.130 2.231
CHAM-18-01_45.5ft 13.9 1.50 7.0 2.578 1.330 1.940
CHAM-18-01_55.5ft 16.9 2.00 5.8 2.221 0.845 2.630
CHAM-18-01_65.5ft 20.0 2.23 9.7 2.453 0.954 2.577
CHAM-18-01_88.0ft 26.8 1.64 11.8 1.826 0.950 1.940
CHAM-18-01_90.5ft 27.6 1.94 18.5 1.539 2.057 0.756
CHAM-18-01_132.0ft 40.2 1.56 13.9 1.215 1.361 0.903
CHAM-18-01_150.5ft 45.9 1.96 6.4 2.330 1.166 2.022
CHAM-18-01_158.5ft 48.3 2.14 3.9 2.455 1.702 1.467
CHAM-18-01_160.5ft 48.9 1.85 7.5 1.739 1.139 1.548
CHAM-18-01_177.5ft 54.1 1.77 11.7 1.871 1.251 1.519
CHAM-18-01_181.5ft 55.3 1.69 12.1 1.742 2.475 0.723
CHAM-18-01_187.5ft 57.1 1.64 5.8 2.103 0.573 3.668
CHAM-18-01_194.0ft 59.1 1.56 10.0 2.149 0.835 2.621
CHAM-18-01_205.4ft 62.3 1.27 7.3 1.778 1.198 1.485
CHAM-18-01_214.7ft 65.4 1.42 17.4 1.481 0.786 1.895
CHAM-18-01_231.5ft 70.6 2.05 17.5 0.171 4.044 0.042
CHAM-18-01_245.5ft 74.8 1.82 15.6 1.412 0.675 2.092
CHAM-18-01_257.0ft 78.3 1.70 10.5 2.032 0.843 2.412
CHAM-18-01_265.5ft 80.9 1.84 10.9 2.276 1.270 1.800
CHAM-18-01_275.0ft 83.8 1.77 14.9 1.991 0.507 3.975
CHAM-18-01_281.0ft 85.3 1.76 14.5 1.546 1.018 1.531
CHAM-18-01_288.5ft 87.9 2.01 6.3 1.326 2.479 0.546
CHAM-18-01_295.0ft 89.9 2.34 nd 1.787 1.129 1.586
CHAM-18-01_302.0ft 92.0 2.37 nd 1.657 1.245 1.332
CHAM-18-01_317.0ft 96.6 2.20 nd 1.135 1.327 0.858
CHAM-18-01_326.0ft 99.4 1.71 nd 0.574 0.628 0.919
CHAM-18-01_334.0ft 101.8 2.29 nd 1.241 1.356 0.924
CHAM-18-01_342.0ft 104.2 2.75 nd 2.597 1.276 2.040
CHAM-18-01_344.5ft 105.0 2.31 nd 1.467 0.804 1.824
CHAM-18-01_348.5ft 106.2 2.42 nd 1.538 0.834 1.846
CHAM-18-01_355.0ft 108.2 2.53 nd 2.230 1.299 1.718
Table 1 Thermophysical Properties of the Core Samples
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Abstract
An innovative approach to couple 
a thermal response test (TRT), 
fiber-optic distributed temperature 
sensing (FO-DTS) system, and 
infinite line source (ILS) modeling 
was developed to enhance the design 
of a new borehole heat exchanger 
(BHE) for the Campus Instructional 
Facility (CIF) at the University of 
Illinois. A pioneering geothermal 
monitoring well was constructed with 
a conventional geothermal loop and 
attached advanced fiber-optic cable to 
perform high-resolution temperature 
measurements. Using a new, portable 
TRT device developed at the U of I, a 
novel distributed thermal response 
test (DTRT) was performed to observe 
thermal transport processes in the 
subsurface. The DTRT data were 
analyzed to develop models of both heat 
injection and thermal energy storage, 
allowing estimations for thermal 
conductivity within the heterogeneous 
subsurface. The results confirm the 
importance of characterizing thermal 
properties based on lithology in 
addition to running in situ field testing. 
The new procedures developed for 
temperature monitoring, data analysis, 
and parameter estimation could 
substantially enhance the design of 
BHE systems and the efficiency of their 
operation and maximize the cost benefit 
throughout the system life cycle.
Introduction
The BHE is part of a geothermal 
exchange technology, a renewable 
energy source, used to heat and cool 
buildings that is shown to reduce annual 
electricity consumption by 25–50% 
(Sarbu and Sebarchievici 2014). To 
optimize the design of BHEs, a DTRT 
methodology was recently developed to 
determine in situ thermal conductivity 
by measuring the thermal regime in 
different depth intervals over time 
(McDaniel et al., 2018). The DTRT was 
developed by coupling FO-DTS or DTS 
within the current TRT procedure used 
by industry. When performing the TRT, 
it is generally assumed the subsurface 
is a homogeneous environment with 
geologic materials having uniform 
thermal properties. This generalization 
of the subsurface has significantly 
limited the design of BHEs and 
ultimately constrained the performance 
of geothermal exchange systems 
(e.g., Florea et al. 2017). For example, 
if layers of saturated coarse-grained 
sediment are present, then the role of 
flowing groundwater can be assessed. 
Such limitations may be resolved by 
applying the new DTRT methodology 
that can successfully characterize the 
subsurface heterogeneity in thermal 
transport by measuring temperatures 
in high resolution at different depths in 
the BHE while performing the TRT. The 
detailed information will enable more 
accurate design scenarios tailored to 
the heating and cooling requirements 
while ensuring a seasonal temperature 
balance in the ground. In addition, 
performing DTRT will increase the 
BHE efficiency and reduce the cost of 
geothermal exchange systems over their 
life cycle because the uncertainty in the 
subsurface processes is reduced.
Methodology
To establish a geothermal monitoring 
well at the CIF, a U-bend geothermal 
loop constituting 234.7 m (770 feet) of 
HDPE pipe was installed in the 117.5 
m (385.4 foot) borehole (Figure 7). A 
fiber-optic cable was attached along 
the center of the borehole, as shown 
in Figure 8, and the borehole was 
backfilled with Benseal® Wyoming 
sodium bentonite grout to apply a good 
bonding between the U-bend pipe and 
borehole wall. An armored, waterproof 
IP67 fiber-optic cable manufactured 
by Brugg Kabel AG, which is rated for 
outdoor applications, was used in the 
installation (Figure 8a). The cable was 
attached to the HDPE pipe forming the 
bottom of the U-bend loop with pull ties 
and duct tape, as shown in Figure 8b. 
The fiber-optic cable is terminated at 
the bottom of the borehole with a mini 
loop (referred to as “fanout”). This setup 
allowed temperatures to be measured 
along the borehole and outside the 
U-bend pipe in the BHE.
An Oryx+SR interrogator manufactured 
by Sensornet was used to record 
temperatures along the fiber-optic cable 
at a spacing of 1.05 m (3.45 feet) before, 
during, and after the DTRT (Figure 
9). For the first 2 hours of the DTRT, 
temperature measurements were taken 
over 20-second intervals and repeated 
every 2 minutes. For the remainder of 
the DTRT, temperature measurements 
were taken over 5-minute intervals 
and repeated every 30 minutes. The 
measurement protocol was designed 
to maintain an adequate temporal 
resolution during the heating and 
cooling phases. DTS measurements 
outside of the DTRT were taken in 
5-minute intervals and repeated every 
30 minutes. The depth profiles of 
temperatures measured with DTRT in 
different seasons are shown in Figure 9. 
The portable TRT device used in the 
DTRT experiment (Figure 10a) was 
designed and constructed by students 
under the supervision of ISGS scientists 
and research technicians (Lin et al., 
2020). The TRT device was coupled with 
the DTS to develop the DTRT (Figure 11). 
The device mainly controls and monitors 
heated water circulated through the 
U-bend geothermal loop. The pumping 
rate to circulate water through the BHE 
was set and monitored on a control 
panel, which is shown in Figure 10b. The 
power supplied to the heating elements 
is controlled by a voltage setting.
Illinois State Geological Survey Circular 606 13
During the DTS testing and DTRT, two 27 
m (88.6 feet) coils of fiber-optic cable were 
placed in warm-water and ice-water baths, 
separately, to serve as the temperature 
calibration (Figures 12 and 13b) required 
for processing the DTS data. Both baths 
were monitored by PT-100 temperature 
sensors (Figure 10b) that were also 
connected to the DTS interrogator. The 
temperature resolution of the interrogator 
is 0.01º (0.02ºF). The coils of fiber-optic 
cable are stored in an underground 
concrete telecommunication enclosure 
(Figure 13a).
Figure 7 Construction diagram of 
the CIF geothermal monitoring well. 
The fiber-optic cable (red line) is 
attached to the outside of the HDPE 
pipe along one of the U-bend legs.
a b
Figure 8 (a) Deployment of fiber-optic cable in the borehole; (b) Termination of the fiber-optic cable (referred to as “fanout”). The cable is 
affixed to the HDPE pipe along the bottom of the U-bend geothermal loop.
Bottom of borehole
~2 m (6.5 feet) between fiber-optic








used for temperature calibration
Above 2.6 m, borehole backfilled
with 184 kg of 3/8-inch hole plug
Below 2.6 m, borehole backfilled
with 276 kg of Benseal® grout
Diameter of
borehole =
17 cm (6.5 inches) 
0.0
2.6 m (8.5 feet)
Bottom of hole plug
88.8 m (291.4 feet)
Top of bedrock
117.5 m (385.5 feet)
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Figure 9 DTS measurements of subsurface temperature in the geothermal monitoring well. The geologic log from Figure 4 is shown at the 
same scale. Note, that the DTS measurements from the beginning of the DTRT experiment in 2019 were collected using a different sampling 
configuration than the temperature profiling data (without DTRT experiment) collected in 2019 and 2020. The data perturbation varied with different 
sampling configurations and is expected from the DTS measurements.
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During the heating phase of the 72-hour 
DTRT that began on March 18, 2019, a 
constant input of thermal energy was 
maintained in the BHE by injecting 
water warmed by heating elements 
with a total thermal energy capacity 
of 4400 W. To protect the BHE from 
excessive heat buildup in the U-bend 
geothermal loop, the portable TRT 
device is equipped with a thermal 
cutoff switch to disconnect the heating 
elements from the power when the water 
temperature rises above 45ºC (113ºF). 
The rate of water flow was 6.3×10-5 m3/s 
(3 gallons/minute), controlled by a 
Grundfos-Alpha2 multispeed pump 
and monitored by an OMEGA digital 
flow meter (Figure 11). Excess air in 
the portable TRT device was released 
automatically through an air eliminator. 
The data acquisition device recording 
the inlet and outlet temperatures is 
connected to the PT100 sensors. The 
DTRT cooling phase started after 72 
hours, triggering the shutoff of both the 
cycling pumps and heating elements. 





Figure 10 a) Portable TRT device that includes couplings with a BHE, air eliminator, water input funnel, four 
water heating elements, multispeed pump, water flowmeter, mechanical water flowmeter, and power strip with 
circuit interrupter; (b) Display panel of the portable TRT device.
Figure 11 Configuration of the DTRT experiment. The TRT is connected to the U-bend 
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a b
Figure 12 Warm- and ice-water baths were set up in the blue and white coolers (shown on 
the left and right of the batteries), respectively, to serve as the temperature calibration. The 
DTS interrogator, TRT unit, and laptop computer were powered during the DTRT experiment 
by diesel and gas generators and marine deep-cycle batteries. For the DTS measurements, 
the batteries were used to power the interrogator and laptop.
Figure 13 (a) Fiber-optic cable exits the ground into a 61×91×61 cm (24×36×24 inches) underground enclosure. The box is also used to 
store coils of cable used in the temperature calibration. (b) Diagram of the cable route from the DTS interrogator, through the calibration 
baths, into the ground, down to the termination point. The measurements between 872 m (2,861 feet) and 1097 m (4,000 feet) are cable-
length markings imprinted by the manufacturer on the outside of the cable. The measurements 3.50 m (11.50 feet) and 0.86 m (2.62 feet) 
are the straight-line distances.
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Analytical Methods 
to Estimate Thermal 
Conductivities of the 
Subsurface
DTRT Heating Phase:  
Heat Injection Model
The heat transfer equation is presented 
in Cartesian coordinates as follows:
where ρ is the bulk density of material; 
Cp is the heat capacity of material; T is 
the material temperature; λ is the thermal 
conductivity of material and Qgen is the 
heat generated in the system.
The ILS method, derived from 
Equation (1), is an analytical solution 
for conductive heat transfer in 
homogeneous media when the BHE 
is assumed as a linear heat source 
with constant heat flux. When the 
temperature difference between the 
inlet and outlet of the DTRT is relatively 
constant, the temperature in the 
surrounding geologic materials can be 
known at any time and distance from 
the borehole. The general assumption of 
the ILS method is that heat is transferred 
only in the radial direction, which 
eliminates the vertical heat transfer 
effects. When the temperature is 
assumed constant at an infinite radius 
from the heat source (i.e., T(r=∞,t)=T0), 
the temperature difference for a 
homogeneous and isotropic medium 
at radius r and time t can be calculated 
from Equation 2:
where △T(r,t) is the temperature difference 
between the heat source and a point at 
radius r and time t; Q is the instant stable 
injected heat flow into the borehole; λ is 
the thermal conductivity of the geologic 
materials; u = r2/(4αt); r is the radius 
from the heat source; and α is the effective 
ground thermal diffusivity (m2/s), α = λ/
(ρCp).
In Equation (2), the exponential integral 
is usually approximated with the 
first two terms of the Taylor series as 
Equation (3):
where γ is the dimensionless Euler 
constant, γ = 0.5772.
Then, the temperature difference at a 
radius r and time t can be expressed 
approximately as Equation (4):
As the heat injection steady-state 
assumption in the ILS method, Equation 
(5) is used to estimate the steady-state 
conditions for DTRT that were quoted 
from that in the TRT model:
where tl is the lower time limit of DTRT 
data to be used when the result gives 
an error of <2.5%; 
rb
 is the radius of the 
borehole; and α is the effective ground 
thermal diffusivity (α = λ/ρCp) with an 
estimated value as 10-6.
As shown in Figure 14, the ILS 
method used for the DTRT model in 
heterogeneous subsurface is different 
from that in the homogeneous TRT 
model. For the DTRT model the total 
length of the borehole (L) is divided into 
several parts with the same length (Li) in 
accordance with the spatial resolution 
of the DTS system. For each unit length, 
the borehole resistance at time t can be 
expressed by Equation (6):
where i is the layer number of unit 
length; R
b_i
 is the thermal resistance of 
the borehole at layer i, representing the 
total thermal resistance fluid inside the 
pipe, pipe wall, and grout used to fill the 
borehole (Hellström, 1991); T
f_i
(t) is the 
temperature of the heat source at time t; 
T
wall_i
(t) is the temperature of the borehole 
wall at time t; and Q
i
 is the stable heat 
injection rate in layer i.
Equation (7) is derived from Equation (6):
The T
wall
(t) can be expressed by the ILS 
method as Equation (8):
where T
0_i
 is the undisturbed ground 
temperature at layer i before the pumps 
and heating elements start.













known parameters from DTRT 
heating measurements, the thermal 
conductivity of surrounding geologic 
materials, λ
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DTRT Cooling Phase:  
Heat Sink Model
In the cooling phase of the DTRT, the 
temperature of fluid in the U-bend 
geothermal loop gradually increased 
to equilibrate with the surrounding 
geologic materials. The following 
assumptions are made the cooling 
phase model analysis: (1) the lithology 
of the surrounding geologic materials is 
homogeneous and isotropic in the unit 
length measured; (2) the diameter of the 
U-bend loop and line heat source are 
not considered; (3) the U-bend loop and 
fiber-optic cables have no deflections; 
(4) vertical heat conduction between the 
two-unit length is neglected; (5) heat 
capacity is constant in the unit length 
measured; and (6) the rate of fluid flow 
in the BHE remains constant during the 
heating phase.
The borehole depth in the DTRT cooling 
phase model is subdivided into unit 
lengths that are consistent with the 
spatial resolution of the DTS system (i.e., 
length of 1.05 m or 3.45 feet). When the 
pumps and heaters are switched off, the 
temperature of the fluid flowing in the 
U-bend loop, grout, and the surrounding 
geologic materials recover to the initial 
temperature; the temperature difference 
is given in Equation (10):
where t
h
 is the time when the pumps 
and heaters are switched off; E(x), the 
exponential integral, can be
Thus, λ
i
 at the number of i-unit lengths 




(t), t, and t
h
 
are known in Equation (11).
Results
Background Temperature Profile
As shown in Figure 9, the ambient 
temperature in the geothermal 
monitoring well (blue line) was neither 
constant nor changed linearly with 
depth. The DTS temperature profile 
is used to assess the temperature 
differences during the heating and 
cooling phases at each measurement 
point, every 1.05 m or 3.45 feet along the 
fiber-optic cable. Higher temperatures 
were measured between the depths 
of 2 m and 14 m (Figure 9) before the 
DTRT was started, suggesting the 
ground temperature was affected by 
heat conduction from the nearby stream 
tunnel, which lies at a ~3 m (~10 feet) 
below ground.
Heating and Cooling Phases
The temperatures were measured at 
the inlet and outlet of the TRT device 
during the 72-hour heating phase 
(4,320 minutes in Figure 15a). The 
difference between the inlet and outlet 
temperatures represents the amount of 
thermal energy released into the BHE. 
The curves plotted on the logarithmic 
time scale (Figure 15b) indicate that the 
thermal exchange process has reached 
steady state after ln (time) = 8, which is 
approximately 3000 minutes or 50 hours 
into the heating phase when the inlet 
and outlet temperatures increase at the 
same rate and the curves are parallel.
The accuracy of the DTS measurements 
relied on the data calibration process 
that includes additional temperature 
measurements from the warm and ice 
baths and ambient air temperatures, 
as shown in Figure 16.  These datasets 
could also be used for future analysis of 
the BHE performance.
The temperature profile in the BHE 
during the heating and cooling phases 
is shown in Figure 17 as a temperature 
gradient over time (represented by the 
lateral change in color from green to 
red). The changes in color correspond 
to the different geologic materials. 
For example, heat dissipation in the 
upper till and silt and sand deposit 
takes longer than in geologic materials 
at greater depths. During the heating 
phase, the temporal scale after 3.5 hours 
was changed to allow all the data to be 
displayed. After 3.5 hours (~200 minutes) 
the inlet and outlet temperatures 
generally increase at a constant rate 
(Figure 15). Similarly, the temperature 
gradients with time during the cooling 
phase (after 72 hours) also correspond to 
the different geologic materials, but the 
changes are less discernable compared 
to the heating phase.
The thermal conductivity of each 
geologic material was estimated from 
the temperatures recorded during the 
DTRT heating and cooling phases; 
the profile is shown in Figure 18. The 
thermal conductivity is calculated from 
the heat transfer represented by the 
temperature decay between the inlet 
and outlet (e.g., Freifeld et al. 2008). 
The extrapolated values are generally 
in good agreement with the laboratory 
measurements reported in Chapter 
3 and shown in Figure 18, except 
above 15 m (49 feet) depth. The lower 
confidence in the shallow subsurface 
is expected because of the significant 
amount of heat conducted from the 
steam tunnel. However, the estimated 
values for the cooling phase are closer 
to the laboratory measurements. The 
correlation between the modeling and 
laboratory testing is R=0.5. Additional 
work is needed to better resolve the 
discrepancies between the field and 
laboratory measurements that would 
improve the DTRT estimations.
Summary
The DTRT experiment has confirmed the 
effects of a heterogeneous subsurface 
on thermal conductivities which 
inform modeling heat transport. The 
workflow and analytical procedures 
have validated the importance of 
characterizing the thermal properties 
based on lithology. Advancements in 
temperature monitoring, data analysis, 
and thermal conductivity estimations 
could substantially improve the 1) 
design of BHE, 2) efficiency of the 
geothermal exchange systems, and 3) 
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a b
a b
Figure 15 Water temperatures at the inlet and outlet of the TRT device recorded during the DTRT 
heating phase on a (a) linear time scale and (b) logarithmic time scale.







































SAND, SILT, and GRAVEL
TILL
SILT and CLAY over SAND
SAND and SILT over GRAVEL
Temperature measurement
every 2 minutes Temperature measurement every 30 minutes
Figure 17 Fiber-optic temperature profile for the DTRT during the heating phase (first 72 hours) and cooling phase (last 85 
hours). Only the supply side from 0 to 117.5 m (0 to 385.4 feet) is shown. Note, the temporal scale changes after 3.5 hours 
to display the full 155 hours of data.
Figure 16 Temperature profiles of the ice-water bath (orange line), air temperature (blue line), and warm-water bath (gray line) dur-
ing the heating phase (first 70 hours) and cooling phase (last 85 hours).
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Laboratory test Heating phase model Cooling phase model
Figure 18 Estimations of thermal conductivities are model derived 
from the DTRT heating and cooling phases and heat injection and 
thermal energy storage models. The model results are compared 
with thermal conductivities measured in the laboratory.
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Abstract
Based on the thermal property data and 
results from the distributed thermal 
response test (DTRT) in the geothermal 
monitoring well, the final design of 
the closed loop geothermal exchange 
system contained 40 geothermal wells, 
which is much lower than 60 wells in the 
initial design. Overall, in summer, wells 
in the geothermal exchange borefield 
store thermal energy when warm fluid 
at 32°C (90°F) is circulated at the rate of 
100 barrels per day (bbl/d) or 3 gallons/
minute. The ground temperature could 
increase ~5.6°C (10°F) after four months. 
In winter, the highest temperature 
of fluid being circulated is only 14°C 
(58°F), which is ~4°C (8°F) higher than 
the initial circulation temperature of 
10°C (50°F) when pumping 100 bbl/d (3 
gallons/min). However, the temperature 
of fluid returned will decrease over time, 
and by the end of winter, only a ~1°C 
(2°F) increase was estimated during the 
circulation process.
A final model of the borefield was 
developed with 40 wells accompanied 
with the active heating tunnels and 
pipes present in the underground, and 
with an abandoned tunnel system. 
COMSOL® software was used to develop 
and perform the model simulations that 
are parameterized with temperature 
data from the distributed temperature 
sensing (DTS) system and other 
related design parameters, including 
well diameter and length, grouting 
information, circulation rate, etc. The 
analysis for model optimization and 
long-term operation is also presented.
Introduction
Model setup
The COMSOL model was initially 
run to simulate the natural ground 
conditions in segment of the subsurface 
with dimensions of 50 m (~165 feet) 
long, 50 m (~165 feet) wide, and 140 m 
(~460 feet) tall. The model was set up 
without any impacts from the adjacent 
steam tunnels, heat pipes, or wells. 
The surface temperature was set at 
5°C (41°F), and the bottom borefield 
temperature was at 15°C (59°F); based 
on the thermophysical measurements 
used to perform a stationary or steady-
state analysis. The temperature in 
each depth interval changed linearly, 
extrapolated from the temperature of 
the top (ground surface) and bottom 
(bedrock) boundary layers. The 
bedrock serves as the heat source in 
the stationary analysis. The sides of 
the COMSOL model were set to be 
thermally insulative, meaning there is 
no heat exchange across the boundary. 
The stationary analysis returned a 
temperature profile representing the 
natural subsurface conditions before 
the geothermal exchange borefield was 
constructed. Once run, the model was 
then adjusted to include the positions 
of the heat tunnels and pipes that run 
parallel to Talbot Laboratory (Figure 
2). The outer surface of the heat tunnel 
and pipes were set at 40.6°C (105.0°F), 
which served as a secondary heat source 
into the borefield. The heat tunnels and 
pipes were run for around 140 years to 
achieve a steady-state or equilibrium 
thermal condition underground. The 
tunnels and pipes were installed in the 
1900s, so the use of 140 years is arbitrary 
to ensure a steady state was achieved 
numerically. In the next step, the 
COMSOL model surface temperature 
was set as the ambient temperature, 
which changed over the four seasons 
of monitoring, as shown in Table 2. The 
bottom temperature at a depth of 140 m 
remained at 15°C (59°F) throughout the 
year because the variations and impacts 
of the surface temperature were not 
predicted to reach that depth. Lastly, 
the heat transfer impacts between the 
40 wells in the borefield were included 
during operation of the geothermal 
exchange system.
Operation Cycle and 
Environment
The borefield will operate throughout 
the year, and during the summer and 
winter the fluid leaving the Campus 
Instructional Facility (CIF) will have 
different temperatures. In summer, 
the fluid entering the borefield will be 
at a higher temperature than that of 
the ground and will heat the ground 
surrounding the closed U-bend loops. 
In winter, the reverse will happen with 
the fluid entering the borefield having a 
lower temperature than the ground and 
will cool the area around the wells. The 
ambient air and fluid temperatures are 
shown in Table 2 for the four seasons.
The DTS temperature profiles from 
March 18, 2019 and January 13, 2021 
are shown with the predicted summer, 
fall, and winter temperature profiles 
in Figure 19. The predicted ground 
conditions are based on simulated field 
measurements with changing ambient 
Summer Fall Winter Spring
(Fº) (ºC) (Fº) (ºC) (Fº) (ºC) (Fº) (ºC)
Air Temperature 58.7 14.9 40.7 4.6 20.0 -6.7 40.7 4.9
Fluid Temperature 90.0 32.0 nd nd 50.0 10.0 nd nd
Table 2 Ambient Air and Fluid Temperatures
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air temperatures with no impacts from 
the geothermal wells. It is clear from 
the analysis that at depths of >20 m, 
the ground temperature is no longer 
affected by changes in the ambient air 
temperature.
To accurately predict the temperature 
of fluid flowing out of the borefield and 
the subsurface temperature impacts 
of the 40 geothermal wells, several 
representative locations in the borefield 
(positions A to H in Figure 20) were 
examined. The sites are located near the 
steam tunnels and pipes and geothermal 
wells. The geothermal monitoring well 
where ongoing field measurements are 
being recorded is also identified.
Also shown in Figure 20 is the 
installation design of geothermal wells 
in the borefield. The diagram includes 
the grout placement with respect to the 
well depth, and casing diameter and 
the position of the U-bend loop at the 
bottom of the well. This information 
was analyzed within COMSOL’s Pipe 
Flow Module to simulate fluid flow, heat 
transfer, and mass conveyance in pipes 
and channels. The pipe flow module 
allows a higher computational efficiency 
and to better simulate fluid flow in the 
geothermal wells.
Summer scenario
The impacts of transporting heated 
fluid from the CIF into the borefield 
during the summer is emphasized in 
the summer scenario. To determine the 
impacts on the pre-development ground 
temperatures, the thermal profiles at 
positions A to C and E to H are compared 
with the measured ground temperatures 
in geothermal monitoring well (Figure 
20). Figure 9 shows all the DTS profiles 
with the geology log.
The decrease in temperature in the 
U-bend loop and temperature increase 
in the surrounding ground is shown 
in Figure 21. During this scenario, the 
fluid circulated is warmer than the 
ground surrounding the geothermal 
wells. However, the wells are not 
uniformly impacted by the warmer fluid 
because flowing groundwater in the 
sand and gravel deposits carries some 
of the heat away. Furthermore, Figure 
21 demonstrates that there were no 
significant changes in the temperature 
profiles measured between March 2019 
to January 2021 prior to running the 
geothermal exchange system. With 
fluid circulating through the borefield 
at a temperature of 32°C (90°F), the 
computed ground temperatures would 
increase by ~5.6°C (10°F) over the four-
month period. However, this estimate 
needs further verification after the 
geothermal exchange system begins 
operation in order to fine-tune the 
analysis and confirm the borefield 
temperature increase.





















Figure 19 Measured and simulated ground temperature profiles after three seasons of operation.



















Figure 20 Diagram of the geothermal exchange borefield at the Bardeen Quad with simulation locations (positions A to H).
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Figure 21 Simulated temperature profiles at positions A to C and E to H at the end of summer are 
compared with the DTS measurements collected in 2019. See Figure 11 for all the DTS profiles with 
the geology log.
Figure 22 Simulated ground heating during the summer. Estimated temperatures of fluid flowing in and out of the 
geothermal exchange borefield are shown.
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The modeled temperature profiles 
positions D and D1 were compared 
with the DTS data from geothermal 
monitoring well (Figure 23). Positions 
D and D1 are located near the center 
of the Bardeen Quad 10 m (33 feet) and 
9 m (30 feet), respectively, from the 
edges of the northern and southern 
areas of the borefield (Figure 20). It 
was demonstrated that below a depth 
of 40 m (131 feet) ground temperature 
were no longer impacted by transient 
surface atmospheric conditions or 
heat transferred from nearby wells. 
The higher-than-expected ground 
temperatures above 40 m (131 feet) are 
in apart attributed to heat conduction 
from the steam tunnel; the tunnel’s 
outer surface has a temperature of 
40.6°C (105.0°F). The thermal impacts 
of the tunnels become negligible going 
deeper.
In the initial and single pipe module 
simulations at position D2, located 6 m 
(20 feet) from the borefield (Figure 20), 
the ground temperature is impacted 
by heated fluid entering the borefield 
(Figure 24). The temperature profile at 
D2 is similar to the COMSOL modeling 
result the same distance from the 
borefield. Because the DTS profile is 
similar to the COMSOL simulation at a 
depth of 40 m and below, heat transfer 
is not taking place laterally across the 
model boundaries. In other words, the 
model or mesh size is large enough that 
the boundary effects do not impact the 
simulations.








































Figure 23 Comparison between the DTS 
measurements and simulated temperature 
profiles at positions D, D1, and D2. Positions D 
and D1 are located between the north and south 
parts of the borefield.
Figure 24 Comparison of simulated temperature 
profiles from the COMSOL single pipe module, 
borefield model, and DTS system from the 
February 2019 measurement.
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Winter scenario
Simulations conducted for the 
winter scenario are based on the 
autumn scenario, when the mean air 
temperature decreases from 4.6°C 
(40.7°F) to -6.7°C (20°F), and the 
simulations are projected over three 
months. For the winter scenario, the 
exchange of heat from the ground 
surrounding the borefield into the 
geothermal U-bend loop is emphasized. 
Based on the COMSOL modeling results, 
the fluid temperature remains constant 
across the borefield. The variations in 
fluid temperature are plotted in Figure 
25. The highest temperature in the loop 
is estimated at 14°C (58°F), which is 4.4°C 
(8°F) higher than the temperature of 
fluid entering the borefield which is at 
10°C (50°F). However, the temperature 
of the fluid leaving the borefield will 
decrease over time, and by the end 
of winter scenario will be only 2.5°C 
(~4.5°F) warmer than the fluid entering 
the borefield because the thermal 
energy stored underground during the 
summer is gradually conducted back 
into the wells.
To evaluate heat flow in the subsurface 
for the winter scenario, the temperature 
at position A (at a depth of ~10 m or ~33 
feet) is compared to the temperature of 
the fluid leaving the borefield (Figure 
25). Position A is located in the middle 
of the northern part of the borefield 
(Figure 20). At this depth, the ground 
temperature would be relatively 
unaffected by seasonal changes in 
air temperature, and the decreasing 
temperature simulated at the borefield 
outlet is caused by thermal conduction 
between the U-bend loop and the 
surrounding ground.


















(flow rate = 3 gallons/min)
Ground temperature at Position A
Figure 25 Simulated fluid temperatures at the borefield outlet during the winter. The ground temperature 
shown is from position A at a depth of ~10 m (~33 feet).
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Flow Rate Analysis
The previous simulations assume a 
fluid flow rate through the borefield 
at 100 bbl/day (3 gallons/min). To 
increase the efficiency of the borefield, 
additional simulations were performed 
to investigate adjusting the flow rate 
based on the principle that fluid being 
circulated at a slower rate along the 
U-bend loop will lead to greater heat 
transfer into the surrounding ground.
In the COMSOL simulations, the flow 
rate of fluid entering the borefield was 
varied between 10 bbl/day (0.3 gallons/
min) and 1000 bbl/day (30 gallons/
min). Temperatures at the borefield 
outlet estimated from the COMSOL 
simulation are plotted in Figure 26. 
The results illustrate well that by 
decreasing the flow rate leads to a 
higher rate of heat conduction from the 
borefield. The comparison of flow rate 
and temperature are also summarized 
in Table 3. Conversely, increasing the 
flow rate reduces the amount of heat 
conducted leading to a lower fluid 
temperature.



























Figure 26 Outflow temperature with different flow rates during the winter.
Fluid Flow Rate Temperature at Borefield Outlet
(bbl/d) (gallons/min) (ºC) (Fº)
10 0.3 16.8 62.3
30 0.9 14.9 58.9
60 1.8 13.4 56.2
100 3.0 12.6 54.6
300 9.0 11.4 52.6
500 15.0 11.2 52.2
1000 30.0 11.1 52.0
Table 3 Outlet Fluid Temperatures under Different Flow Rates
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Temperature Changes Under 
Long-Term Conditions
This section examines underground 
temperature changes resulting from 
long-term heating and cooling of the 
CIF. The COMSOL flow simulations 
were continued for three years to 
determine how much residual heat 
remains underground while operating 
the geothermal exchange system. 
This analysis investigates whether the 
borefield will heat up after continued 
operation over time.
Summer scenario
From the flow simulations, the 
circulation of warmer fluid into the 
borefield during the summer may, 
over time, increase the temperature of 
the ground (see Figure 27). The initial 
temperature profile before summer 
heating of the borefield was taken 
from the simulated result at point A 
(see Figure 19). The initial temperature 
at that location within the northern 
part of the borefield is slightly higher 
than measured was in the geothermal 
monitoring well, which is located 
outside the borefield. After the first 
summer, the ground temperature at 
point A would increase (i.e., shift to 
the right on the graph) by about 3–6°C 
(5–10°F) to ~21°C (70°F), as shown by 
the red dashed line in Figure 27. The 
temperature profile before the summer 
in Year 2 (blue dashed line) overlaps 
with the temperature profile before the 
summer in Year 3 (magenta dashed line), 
which indicates there is no net increase 
in the ground temperature.
Similarly, the temperature profiles 
after the summer in Year 2 and Year 3 
also overlap, and this result suggests 
that operating a balanced geothermal 
exchange system for two years does not 
appreciably change the pre-development 
ground temperatures. Heat transferred 
into the ground during the summer is 
fully conducted into the geothermal 
U-bend loop during the winter when 
colder fluid is circulated (see Figure 28). 
More specifically, after the winter in Year 
1 all the conducted heat in the summer 
will be extracted from the ground, which 
is demonstrated by the temperature 
profile before the summer in Year 2 
(shown by the  blue solid line in Figure 
27) has shifted to the left (i.e., a decrease 
in temperature). This temperature 
is only slightly higher than the DTS 
measurements made below 40 m (131 
feet). Therefore, the ground became 
slightly warmer after operating the 
system in Year 1. However, the ground 
temperature will not keep increasing in 
Years 2 and 3. The predicted temperature 
profile before the summer in Year 3 is 
close to the modeled temperature profile 
after winter in Year 1.















Year 1 (Before Operation)
Year 1 Summer (After Start-up) 
Year 2 (Before Summer)
Year 2 (After of Summer)
Year 3 (Before Summer)




Figure 27 Modeled summer ground temperature at point A during the three years of operating the geothermal exchange system.
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Winter scenario
From the COMSOL simulations, the 
circulation of cooler fluid into the 
borefield during the winter lowers 
the ground temperature (Figure 28). 
Before the winter in Year 1, the ground 
temperatures are ~6°C (10°F) higher 
than the DTS measurements, which 
suggests that not all the heat conducted 
into the borefield during the summer 
drawn out in the fall. After operating the 
geothermal exchange system in Year 1, 
the temperatures increase (temperature 
profile shifts to the right) by 3–6°C 
or 5–10°F (Figure 28). The simulated 
ground temperatures are slightly higher 
at depths >10 m to 140 m (>33 feet to 460 
feet) than measured by with the DTS 
prior to operating the system, suggesting 
a small amount of heat is stored 
underground. However, the geothermal 
U-bend loop and the ground reaches 
equilibrium (i.e., no further increase 
in temperature) in about three years 
of operation. Before the end of Year 3, 
the end-of-winter temperature profiles 
overlap (Figure 28). Furthermore, the 
temperature profiles before winter in 
Year 2 and Year 3 overlap, indicating that 
all the heat retained in the borefield in 
the summer is drawn out in the winter. 
The simulated temperature profile 
before winter is similar to the one for the 
summer (Figures 28 and 29), suggesting 
there is no significant change in ground 
temperature.
The simulated temperature profiles after 
summer and winter are shown in Figure 
29 for point A. The temperature after 
the winter approaches the same line 
after the winters in Year 2 and Year 3. 
Similarly, the temperature profile after 
the summer in Year 1 overlaps with the 
temperature profiles after the summer 
in Year 2 and Year 3. This relationship 
confirms the heat introduced by 
circulating fluid during summer will 
be fully conducted into the geothermal 
U-bend loop during the winter. 
Therefore, our COMSOL simulation 
suggests the borefield will achieve 
and maintain a balanced temperature 
regime. However, it is recommended 
that ground temperatures be 
monitored throughout operation of the 
geothermal exchange system to verify 
the simulations developed for the heat 
transport model.
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Figure 28 Modeled winter ground temperature at point A during 
three years of operating the geothermal exchange system.
Figure 29 Modeled ground temperature changes during three 
years of operating the geothermal exchange system.
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the wells. To identify changes in the 
borefield thermal regime seasonally, 
temperature measurements 
should be taken quarterly in the 
geothermal monitoring well. If the 
temperature profile in the well is 
different than the simulation (which 
is based on the pre-development 
ground temperatures), the COMSOL 
model for later years should be 
adjusted to better predict the 
future performance of the system. 
Performing additional DTRT in 
the geothermal monitoring well 
would also provide the necessary 
information required to identify 
changes in the thermal regime.
Summary
The following are the main outcomes 
from the heat exchange modeling 
presented herein:
1)   The proposed geothermal exchange 
system can support the required 
thermal energy demands of the CIF. 
In the summer months, the borefield 
will function as a thermal energy 
storage reservoir retaining heat that 
is transferred into the ground by 
circulating the warmer fluid. During 
the winter, the heat retained in the 
ground from the summer is fully 
utilized by circulating the colder 
fluid.
2)   Reducing the fluid flow rate in the 
geothermal U-bend loop during the 
winter increases the amount of heat 
drawn out of the borefield because 
there is more time for conducting 
thermal energy from the surrounding 
ground. Furthermore, by increasing 
the temperature of fluid exiting the 
borefield in the winter will reduce 
the amount of energy required for 
heating.
3)   The geothermal exchange system 
is expected to operate for at least 
30 years, and it is important to 
detect any impacts or temperature 
changes in the ground surrounding 
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CONCLUSIONS
Andrew J. Stumpf
Illinois State Geological Survey, Prairie 
Research Institute, University of Illinois 
at Urbana-Champaign
The field and laboratory experiments 
and modeling supported a P3 building 
project focused on advancing 
engineering systems that significantly 
lower greenhouse gas emissions from 
the operation of the energy system 
for the Campus Instructional Facility 
(CIF). The U of I is conscious of reducing 
energy demands of the Abbott Power 
Plant and obtaining energy from low-
carbon renewable sources. At the same 
time, the project strives to provide the 
highest quality learning environment 
but limit the environmental impacts 
of the building operation. The CIF is a 
milestone for the U of I in supporting the 
goal of carbon neutrality before 2050 and 
is the first building on campus to include 
this forward-looking energy system.
From the beginning, the project 
was envisioned to promote a close 
collaboration with the faculty and 
staff in the Departments of Civil and 
Environmental Engineering and 
Mechanical Engineering, the Prairie 
Research Institute, the Institute for 
Sustainability, Energy, and Environment 
(iSEE), and Facilities & Services (F&S). 
Additionally, student involvement 
was encouraged at several stages, 
including design and construction 
and in monitoring and operating the 
geothermal exchange system. The 
outcomes and results will be used in 
developing future geothermal exchange 
systems at the U of I and will contribute 
to the development of a comprehensive 
energy planning document that will 
guide campus stakeholders in achieving 
the many ambitious goals outlined in 
the 2020 Illinois Climate and Action 
Plan (University of Illinois 2020).
Results and Outcomes
The research associated with developing 
a geothermal monitoring well for the 
CIF produced important scientific 
findings that will be of interest to 
others designing and constructing 
geothermal exchange systems for 
buildings and district-scale energy 
systems. Detailed geological and 
geophysical characterizations of the 
subsurface provided a foundation to 
better understand the hydrogeology and 
thermal transport processes that were 
required to analyze and interpret the 
distributed thermal response (DTRT) 
results. The hydro-thermal-mechanical 
laboratory testing of core samples 
returned additional information on how 
the geologic materials underground are 
impacted by changes in temperature, 
water saturation, and formational 
stresses. These data underpinned 
the development of dynamic model 
simulations of pipe fluid flow and 
ground temperature prior to and during 
operation of the geothermal exchange 
system. The predictions will be useful 
in developing a long-term operational 
plan for maximizing the efficiency of the 
borefield.
Moreover, a small investment in 
research and development supported 
the optimized design and operation 
of the geothermal exchange 
system. Insight into the subsurface 
thermophysical processes allowed the 
geothermal design team to perform 
whole-building energy simulations 
prior to construction of the borefield. 
Through energy modeling tasks, the 
design team was able to understand how 
the load varies throughout the year to 
manage the balance between heating 
and cooling loads and to correctly 
size the heat exchangers. Through the 
optimization process, several techno-
economic achievements were made:
1.  Adding the geothermal exchange 
system will reduce energy usage 
(avoided energy) in the CIF by 
58% (Figure 30), compared with 
similar-sized buildings at the U of 
I with conventional heating and 
cooling systems run on fossil fuels. 
This reduction in energy usage 
corresponds to annual savings of 
$45,000 for operating the building’s 
heating and cooling system. 
Projecting these annual savings 
over the operational lifespan of the 
geothermal exchange system (i.e., at 
least 30 years) will generate a total 
savings of $1.35 million.
2.  By installing the geothermal 
monitoring well and conducting 
associated laboratory analyses (e.g., 
measuring thermal properties), the 
design team was able to reduce the 




Total CHW Energy (kBtu/year) Total Steam Energy (kBtu/year)
Total Electrical Energy (kBtu/year
                equivalent)
Avoided Energy (kBtu/year)
Figure 30 Predicted annual energy usage and avoidance for the CIF (provided courtesy of 
U of I Facilities & Services). The energy use avoided is a result of operating a geothermal 
exchange system. The initial energy load for the CIF is estimated from the operation of other 
similar-sized buildings at the U of I with conventional heating and cooling systems.
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3.  Savings from reducing the 
geothermal borefield size shortened 
the project payback period from 40 
to 28 years. Without these savings, 
the addition of the geothermal 
exchange system would not have 
been feasible.
4.  The geothermal exchange system 
offers an added level of resiliency 
to the overall building operation. 
The geothermal exchange system 
provides a known and constant 
supply of thermal energy and is an 
additional source of energy that 
can be used if other thermal energy 
sources are not available.
Future Work
The collection of DTS measurements 
in the geothermal monitoring well will 
continue throughout the operation 
of the geothermal exchange system. 
Temperature data will be collected 
quarterly. Long-term monitoring will 
quantify the role of groundwater flow 
and thermophysical properties on 
underground heat transfer and thermal 
energy storage. The continual stream 
of temperature data, along with the 
existing thermophysical databases, 
will provide additional opportunities 
for students and faculty to study and 
model the subsurface thermal regime. 
We consider this installation a “living 
laboratory,” accessible to the U of I 
community.
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